Objective: Cardiac memory (CM) is characterized by an altered T-wave morphology, which reflects altered repolarization gradients. We hypothesized that the delayed rectifier currents, I Kr and I Ks , might contribute to these repolarization changes. Methods: We studied conscious, chronically instrumented dogs paced from the postero-lateral left ventricular (LV) wall at rates 5 -10% faster than sinus rate for 3 weeks. ECGs during sinus rhythm were recorded on days 0, 7, 14 and 21 of pacing. Within 3weeks, CM achieved steady state, hearts were excised, and epicardial and endocardial tissues and myocytes were studied. Results: In unpaced controls, action potential duration to 50% and 90% repolarization (APD) in epicardium was shorter than in endocardium ( P < 0.05); in CM epicardial APD increased at CL ! 500ms, while endocardial APD was either unchanged or decreased such that the transmural gradient seen in controls diminished ( P < 0.05). A transmural I Kr gradient occurred in controls (epicardium > endocardium, P < 0.05) and was reversed in CM. No I Ks transmural gradient was found in controls, while in CM endocardial I Ks was greater than epicardial at greater than + 50 mV. Canine ERG (cERG) mRNA and protein in epicardium > endocardium in controls ( P < 0.05), and this difference was lost in CM. Expression levels of KCNQ1 and KCNE1 protein were similar in all groups. Conclusions: A transcriptionally induced change in epicardial I Kr contributes to the altered ventricular repolarization that characterizes CM.
''Electrical remodeling'' is a generic term describing changes that may be physiological, pathological and/or developmental. ''Cardiac memory'' (CM) refers to a particular type of electrical remodeling that is assumed to be non-pathological. CM is expressed as an altered T wave on ECG that occurs after a period of altered activation induced by ventricular pacing or arrhythmia [1] . Its rate of accumulation increases with the rate of pacemaker firing, but its prime determinants appear to be the altered activation pattern [1] [2] [3] [4] and with this, likely, altered stretch on the myocardium [2, 5, 6] . During sinus rhythm, CM is usually seen as T wave inversions in precordial and limb leads and/ or as T wave vector rotation toward the previously paced or arrhythmic QRS vector [2] [3] [4] .
We previously demonstrated that long-term CM (induced by days -weeks of pacing and persisting for weeks) significantly altered the transmural repolarization gradient in tissues isolated from the anterolateral left ventricle (LV) [3] . This was accompanied by a decrease in density of epicardial transient outward current, I to [7] , and altered kinetics for I to and L-type Ca current, I CaL [8] . However, these current changes do not explain fully the prolonged epi-and endocardial muscle action potential durations (APDs) that characterize CM [3] . For these reasons and based on prior observations that I Kr -blocking drugs attenuate CM initiation [4] , we hypothesized that I Kr and I Ks contribute to the repolarization changes of CM.
Methods
Experiments were performed using protocols approved by the Columbia University Institutional Animal Care and Use Committee and conform to the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996) .
Chronically instrumented adult mongrel dogs of either sex weighing 22 -25kg underwent three weeks of atrioventricular (AV) sequential pacing (CM group) or three weeks of atrial pacing (sham group). A separate group of noninstrumented controls was also studied.
Dogs were anesthetized with propofol 6 mg/kg i.v. and inhalational isoflurane (1.5 -2.5%). A thoracotomy was performed and epicardial unipolar (Medtronic, model 4965) or bipolar (Medtronic, model 4968) leads were attached to the posterior LV wall and left atrial appendage (LAA). When unipolar leads were used, an additional platinum bipolar electrode was sewn to the LAA for pacing during ECG recording. The leads were connected to a dualchamber pacemaker (Prodigy DR, Medtronic) affixed subcutaneously. Animals recovered for 2 -3 weeks to permit their ECGs to stabilize and then were paced at 5 -10% > sinus rate. The CM group was paced AV-sequentially in a DDD mode at PR interval = 50-60ms to minimize competing and fusion beats; lower and upper tracking rates were 120 bpm and 150bpm, respectively. Ventricular pacing was effective for 95 -100% of all beats.
ECGs were recorded during atrial pacing at cycle length (CL) = 500ms before (day 0) and, on days 7, 14 and 21 of pacing after AV-sequential pacing had been discontinued in favor of atrial pacing at the same rate for 15 min. Frontal plane vector images were plotted with Dr. Vetter PC-EKG software (Dr. Vetter, Baden, Germany) as described earlier [4] . CM was quantified as a function of T wave vector amplitude, angle and displacement changes, the latter being the voltage difference between T vector peaks recorded during atrial pacing on day 0 and at subsequent time points [3, 4] .
Isolated tissue and single myocyte studies
Dogs were anesthetized with sodium pentobarbital, 30 mg/kg i.v. The hearts were removed through a left lateral thoracotomy and immersed in ice-cold Tyrode's solution equilibrated with 95% O 2 -5% CO 2 and containing (mmol/ L): NaCl 131, NaHCO 3 18, KCl 4, CaCl 2 2.7, MgCl 2 0.5, NaH 2 PO 4 1.8 and dextrose 5.5. For microelectrode studies, epicardial and endocardial strips (¨10 Â 5 Â 0.5 -1 mm) were filleted from the posterior LV at sites 1 -2cm from the pacing electrode and parallel to the ventricular surface as previously described [3] . Preparations were placed in a 4-mL chamber perfused with Tyrode's solution (37 -C, pH 7.3 -7.4) at 12 ml/min and stimulated via Teflon-coated silver electrodes with 1-2 ms, rectangular, twice-threshold current pulses. Stabilization required 3-4 h of stimulation at CL= 1000ms. Conventional microelectrode techniques were used to record transmembrane potentials. Frequency dependence of APD was studied at CL= 2000, 1000, 700, 500 and 250 ms with 3 min allowed to achieve steady state at each CL. AP characteristics measured were: maximum diastolic potential (MDP), phase 0 amplitude (Amp), maximum upstroke velocity (V max ), potential at the peak of the plateau (Plateau), APD to 50% and 90% repolarization (APD 50 and APD 90 , respectively). AP notch was measured as the deflection from 0 mV at its nadir (more positive value indicating a smaller notch).
For studies of I Kr and I Ks epicardial and endocardial LV myocytes were disaggregated using a collagenase perfusion method [9] . Myocytes were transferred to a bath perfused with 35 -C Tyrode's solution containing (mmol/L): NaCl 140, KCl 5.4, CaCl 2 1.8, MgCl 2 1, HEPES 5, glucose 10 (pH adjusted to 7.4 with NaOH). I Ca,L was inhibited with 10 À 6 mol/L nisoldipine (a gift of Bayer, Germany). Delayed rectifier potassium current (I K ) was recorded via whole cell patch-clamp using a PC equipped with pClamp 8 software, DigiData interface and Axopatch 1D amplifier (Axon Instruments); sampling frequency was 1 KHz. Borosilicate glass pipettes had tip resistances = 1 -2.5MV. The pipette solution contained (mmol/L): aspartic acid 130, KOH 146, NaCl 10, EGTA 5, CaCl 2 2, Mg-ATP 2, HEPES 10 (pH adjusted to 7.2 with KOH). In experiments using a similar pipette solution, we have measured a junction potential of 9.8 mV [10] . This was used as a correction factor in the present study. Series resistance was measured from the whole cell capacitance transient and found to be 8.6 T 0.5MV. Since the maximal measured currents were less than 800pA in the majority of cells, the predicted voltage error at the most positive voltage is less than 7 mV. We therefore did not compensate for series resistance in these experiments.
Currents were recorded during 5-s depolarizing test pulses ranging from À 10 to + 70mV in 10 mV increments and upon repolarization to holding potential À 20mV. Pulses were applied at 15-s intervals to ensure deactivation of tail currents. To define I Kr , the protocol was run before and after exposure of cells to dofetilide, 10 À 6 mol/L (a gift of Helopharm, Germany) (Fig. 1A) . The dofetilide sensitive tail current, defined as the difference between the currents in the absence and presence of dofetilide, was considered to be I Kr (Fig. 1B) . To confirm that the tail current remaining after exposure to dofetilide was I Ks , in some experiments, the I Ks / I Kr blocker Chromanol 293 B (a gift of Aventis Pharma, Germany), 10 À 5 mol/L, was added to dofetilide and the protocol was repeated (Fig. 1A) . Chromanol abolished the dofetilide-resistant residual tail current; therefore, this current was considered I Ks . The current -voltage (I -V) relationship was determined by fitting tail currents normalized to cell capacitance using I t = A 0 + A 1 e À t/s 1 + A 2 e À t/s 2 . The voltage dependence of I Kr or I Ks activation was then determined by fitting these amplitude values with a Boltzmann function:
and k. Cell capacitance in shams = 168 T 14 14 (n = 24) and 183 T 17 pF (n = 17) in epicardial and endocardial myocytes, respectively; in CM, cell capacitance = 200 T 12 (n = 11) and 206 T 18 (n = 18) in epicardial and endocardial myocytes, respectively ( P > 0.05 across groups, via ANOVA).
Real-time PCR and Western blot experiments
Tissue samples collected from epicardial and endocardial layers of the posterior LV were frozen in liquid nitrogen. Total RNA was extracted using the RNeasy midi-kit (Qiagen). First-strand cDNA was generated from 0.5 Ag of total RNA using SuperScript First-Standard Synthesis System (Invitrogen). Real-time polymerase chain reaction (PCR) was performed using a LightCycler (Roche) with a reaction mixture composed of 2 AL of the cDNA mixture, 2 AL of LightCycler-Faststart DNA master SYBR Green I (Roche), 4mmol/L Mg 2+ and 0.5 Amol/L of each primer in a final volume of 20 AL. Primer pairs were:
Amplification conditions were: denaturation for 10min at 95-C, followed by 45 (cERG, KCNQ1, KCNE1) or 35 (cyclophyllin A) cycles of denaturation for 10s at 95 -C, annealing for 7s at 60 -C (cERG), 55 -C (KCNQ1 and KCNE1) or 63-C (cyclophyllin A); extension for 8s at 72 -C (cERG and KCNE1) or for 11s at 72 -C (KCNQ1 and cyclophyllin A). Fluorescence was measured after each extension step and was calculated based on a standard curve generated from a serially diluted sample; data for ERG, KCNQ1 and KCNE1 were normalized to those for cyclophyllin A. Product sequences were verified by their sequencing at the Columbia University DNA facility.
To prepare samples for Western blotting, tissues were homogenized in three 10-s bursts with a homogenizer (PowerGen 700, Fisher Scientific, PA), in a buffer containing (mmol/L): Tris -HCl 20 (pH 7.4), EDTA 10, sodium orthovanadate 0.04, benzamidine 3.2, phenylmethylsulfonyl fluoride 0.1, leupeptin 0.01, pepstatin A 0.1, aprotinin 7.5, incubated on ice in 2% Triton X-100 for 2 h and centrifuged at 14,000 rcf for 10min. Supernatants were collected and protein concentration was measured according to Bradford [11] .
50 Ag of whole cell lysate was separated on a 4 -20% tris-glycine gradient gel (Invitrogen) and transferred to PVDF membrane (BioRad). Membranes were blocked in phosphate-buffered saline containing 0.01% Tween20 and 5% milk for 2h, and then incubated in primary antibodies for HERG N-20 (Santa Cruz sc-15966, 1:2000), KCNQ1 (Santa Cruz sc-10646, 1:1000) and KCNE1 (Alomone, 1:1000) in 5% milk/PBST at 4 -C overnight. Membranes then were washed in PBST five times for 5min each, incubated with a secondary antibody, bovine anti-goat IgG, from Santa Cruz sc-2350, 1:2000 (for HERG and KCNQ1), and with anti-rabbit IgG, Cell Signaling (for KCNE1), in 5% milk/PBST at room temperature (RT) for 1 h, and washed eight times for 5 min each in PBST. Immunodetection was performed with an enhanced chemiluminescence method (Amersham Pharmacia Biotech).
The predicted molecular weight for human ERG is 127 kDa [12] ; however, in tissue lysates from canine hearts, the HERG N-20 antibody recognized three bands of 135, 95 and¨72 kDa. The 135-and 95-kDa bands were blocked when lysates were preincubated with a blocking peptide (Fig. 1C) . It has been reported that, in tissue lysates from canine hearts, the KCNQ1 band is detected at¨78 kDa and KCNE1 at 16 kDa [13] . In our experiments, the KCNQ1 antibody recognized a single band of¨72 kDa and the KCNE1 antibody a single band of 16 kDa (Fig. 1D) . Therefore, experiments with blocking peptides were not performed. To control for loading conditions, membranes were incubated with anti-cyclophilin A (Upstate, 1:2000) or anti-histone 1 (Santa Cruz sc-8340, 1:2000). Results were scanned and quantified using densitometry and ImageQuant software.
Statistical analysis
Evolution of CM was analyzed using one-way repeated measures analysis of variance. Subsequent analysis was done using Bonferroni's test where variances were equal and Games-Howell where variances were unequal. In isolated tissues and cells experiments-two-way analysis of variance for repeated or nonrepeated measures were used, with Bonferroni's test when the F-value permitted. Data for mRNA and protein expression levels were log-transformed and compared using Student's t-test. Differences were considered statistically significant at P < 0.05. Data are expressed as mean T S.E.M.
Results

Intact animal and cellular electrophysiology experiments
Sham animals manifested T vector displacements of 0.24 T .03 mV. In paced animals, CM evolved rapidly, reaching a steady state of 0.80 T .06 mV ( P < .05 vs. sham) by day 7 and changing little thereafter. These differences also were expressed in T vector amplitude and angle, and are qualitatively and quantitatively consistent with data we have previously published [3, 4, 7, 8] .
In isolated tissue studies on day 21, AP parameters did not differ between sham and control animals (data not shown); therefore, microelectrode data for these two groups were pooled and referred to as control. Control endocardial APD were longer than epicardial, resulting in a prominent transmural gradient for action potential repolarization ( Fig. 2A,B) . This difference in APD disappeared in the CM setting ( Fig. 2A,B) resulting in a smaller gradient than in control. The alteration of the action potential repolarization gradient in CM resulted from APD prolongation in the epicardium at CL ! 500ms, while APD was either unchanged (long CL) or decreased (short CL) in endocardium (Fig. 2C,D) . AP parameters other than APD did not differ between the two groups except for the epicardial phase 1 notch, which was smaller in CM (Table 1) .
Isolated myocyte studies
In preliminary experiments, biophysical properties of I Kr and I Ks did not differ significantly between sham and control dogs (data not shown). Therefore, we studied the functional expression of these currents in detail in the sham group only. In shams, there was a transmural gradient for I Kr such that epicardial current was almost twice endocardial across the range of membrane potentials from 0 to +60 mV (Fig. 3A) . In CM, endocardial I Kr increased, while epicardial I Kr decreased. As a result, the transmural Table 1 Selected action potential parameters in epicardial and endocardial sections of left ventricular posterior wall of control dogs and dogs with cardiac memory at CL= 1000ms
MDP indicates maximum diastolic potential; Amp, action potential amplitude at the peak of phase 0; V max , maximum upstroke velocity; Notch, potential at the nadir of the notch; Plateau, plateau potential. * P < 0.05 vs. respective control (for epicardium and endocardium, n = 31 for control and n = 25 for memory). distribution of I Kr in CM was opposite that in shams. Voltage-dependence for I Kr , obtained by fitting the normalized current traces to a Boltzmann function (see Methods), is shown in Fig. 3B . No difference was observed in V 1/2 for I Kr between epicardium and endocardium in shams, while in CM epicardial I Kr activated at more negative voltages than endocardial I Kr . This was due to both a shift in epicardial I Kr to more hyperpolarizing voltages and to a positive shift of endocardial I Kr .
There was no significant transmural gradient for I Ks in shams when plotted as current density (Fig. 4A) . However, in epicardium from shams, the I -V curve for I Ks calculated from the Boltzmann function was shifted to the right of endocardium and epicardial I Ks activated at significantly more positive voltages than endocardial (Fig. 4B) . In CM, epicardial I Ks was greater than endocardial, but at voltages outside the physiological range (> 50mV) (Fig. 4A ). This appears to result from a moderate, although insignificant ( P > 0.05), increase in epicardial I Ks across all voltages studied and a moderate (also insignificant) decrease in endocardial I Ks . In CM, the difference in I Ks midpoint of activation between epicardium and endocardium was lost: the V 1/2 for epicardial I Ks shifted to less positive voltages in comparison to shams (24.3 T 3.3 (n = 6) vs. 30.1 T 3.1 (n = 10), respectively, P > 0.05) (Fig. 4B ).
ERG, KCNQ1 and KCNE1 mRNA and protein levels
ERG, KCNQ1 and KCNE1 mRNA and protein did not differ in sham and control animals (data not shown). We present here a comparison of control versus CM. In control, epicardial cERG mRNA (Fig. 5A) was greater than endocardial. This difference was lost (but not reversed) in CM. A similar result was seen for 135-kDa cERG protein; this was greater in epicardium than endocardium in control and the difference was lost in CM (Fig. 5B) . Representative western blots (Fig. 5B) demonstrate that the loss of the transmural cERG gradient is associated with reduction of cERG protein. In contrast, expression of the 95-kDa cERG protein was the same in epicardium and endocardium in control and CM animals (data not shown).
Control KCNQ1 mRNA in epicardium was greater than in endocardium (Fig. 6A) and this difference disappeared in CM; while in control epicardium KCNE1 mRNA was less than endocardial, a difference that did not change in CM (Fig. 6B) . With regard to protein, there were no transmural differences in KCNQ1 or KCNE1 in control or CM dogs (data not shown).
Discussion
CM is a specialized form of remodeling induced by ventricular pacing or arrhythmia [1, 2, 6] . Unlike ''structural'' or ''electrophysiological remodeling'', CM has been tightly defined clinically. It is a specific T wave change that follows the vector of a paced or arrhythmic QRS complex and that persists long after a return to a normal activation pattern. It shows a consistent pattern of accumulation in proportion to the duration and heart rate of the preceding period of altered activation [1, 2, 6] . There likely is an interface at which CM merges with other forms of electrical remodeling. For example, difficulty in documenting CM in the presence of ischemia has been noted [1, 14] and only recently have we been able to discriminate the two in specific clinical settings [15] .
We believe it important to consider CM as a unique entity distinct from other forms of remodeling. The most cogent reason is that maintaining strict guidelines for definition facilitates identification of mechanisms responsi- ble for various forms of remodeling. This approach also is conducive to understanding the mechanisms responsible when different types of remodeling appear to merge with one another. Just one example of the subtle, yet important differences between forms of remodeling that can help us understand the plasticity characterizing physiologic and pathologic change is the properties of I to in pacing-induced CM versus pacing-induced cardiac failure [7, 16] . In both, I to density is reduced: however, in the former, there are reductions in current density and alterations in kinetics [7] ; in the latter, only density is reduced [16] .
It is also important to discriminate between the changes in ion channels and repolarization that characterize shortterm versus long-term CM. Whereas the two states comprise an electrocardiographic continuum [1, 3, 4] , they appear to differ mechanistically. There is evidence that short-term CM results from angiotensin II-induced trafficking of a macromolecular complex incorporating the AT-1 receptor and the channel subunits Kv4.3 and KChIP2 from the cell membrane to an intracellular locus, thereby altering current and kinetics [17] . In contrast, long-term memory is associated with alterations in CREB, which influences transcription of Kv4.3 and KChIP2, thereby reducing the amount of channel protein present in the cell [18, 19] .
Very importantly, I to is not the only current involved in CM. I Ca,L is also altered, with activation voltage becoming more positive and inactivation delayed in long-term CM [8] . Whether the same process or a variant thereof occurs in short-term memory is not known, but is a distinct possibility, given that I CaL blockers attenuate development of both shortand long-term CM. Although changes in I to and I Ca,L can explain the loss of the AP notch and plateau elevation that characterize epicardial myocytes in CM [3] , they do not fully explain the prolongation of epicardial AP. In fact, the more positive AP plateau of CM might be expected to induce a larger and more rapidly activating I Kr and/or I Ks [20] . The result of such a scenario would be a shorter APD. For this reason and because I Kr -blocking drugs suppress evolution of CM [4] , we hypothesized that changes in I Kr and/or I Ks will contribute to the prolonged epicardial APD.
In the present study, our major finding is that in CM significant changes occur in I Kr density and likely contribute to the altered AP characteristics that are seen here. As anticipated from the literature [20 -23] and our own work [3] , our control AP recordings showed epicardial APD to be less than endocardial. Our I Kr recordings demonstrated a clear transmural I Kr gradient with more current expressed epicardially. This finding was somewhat surprising as the transmural gradients in I to (epicardial > endocardial) [24] and in I Ca,L (epicardial < endocardial) [25] have generally been thought to adequately explain the presence of a transmural repolarization gradient. In addition, neither Liu and Antzelevitch [20] nor Li et al. [26] reported LV transmural differences in I Kr kinetics or density in normal dogs. Neither study included data regarding protein or mRNA. What reassures us regarding the data we report here is that the finding in controls that epicardial I Kr is greater than endocardial I Kr is concordant with cERG message and with the 135-kDa protein band. That the 95-kDa band, although cERG antibody specific, did not track with the functional differences in I Kr leads us to speculate that it is either truncated and thereby functionally deficient or that it is not in the sarcolemma.
In CM, we observed lengthening of epicardial APD, while endocardial APD was either unchanged at CLs ! 700ms or shortened at CL= 250 ms. The result was a diminished transmural gradient for repolarization. Interestingly, I Kr showed a reversed rather than merely diminished transmural gradient, with more I Kr expressed endocardially in CM. Whereas the decrease in epicardial I Kr certainly could contribute to APD prolongation in CM, the increase in endocardial I Kr would suggest that APD would decrease endocardially and we did in fact find APD shortening at short CL. As to why APD was not altered at long CL in endocardium, we can only assume this reflects a balancing effect with regard to other currents that have not been studied in this setting.
While the epi-endocardial gradient for I Kr was completely reversed in CM, the transmural gradient for cERG mRNA and 135-kDa protein was not reversed, but rather disappeared due largely to a decrease in epicardial cERG mRNA and protein. Thus, epicardial I Kr and its underlying protein and message changed concordantly in CM. That the increased endocardial I Kr was not accompanied by increased protein or message may suggest a greater percent of the total protein is distributed in a functionally relevant pool or that a posttranslational regulatory process enhances basal I Kr conductance [27, 28] .
Our studies of I Ks are consistent with the view that the I Ks contribution to epicardial repolarization is minor [29] and also emphasizes that I Kr is the major delayed rectifier current here. In CM, epicardial I Ks increased, while endocardial I Ks decreased. Although neither change was significant, taken together, they resulted in an epicardial I Ks that was significantly larger than endocardial at voltages > + 50 mV. Of note, this epi-endocardial gradient largely occurred in the non-physiological range of voltages. These findings lead us to conclude that in CM I Ks input into epicardial repolarization is much smaller than in endocardium and, together with a decreased I Kr , can be responsible for the epicardial APD prolongation observed.
In summary, our study further elucidates the mechanisms involved in the altered repolarization gradient that characterizes CM. In addition to previously described changes in I to and I Ca,L , we have found that decreased epicardial I Kr contributes to the prolongation of AP in CM, while I Ks manifests minor changes only. We also observed that the repolarization gradient for I Kr is reversed in CM, with epicardial I Kr less than endocardial, while the cERG gradient disappears. This implies that CM induces changes in cellular signaling mechanisms regulating basal I Kr that will be the subject of future studies.
Limitations
We have used results obtained from tissues excised from a single site in ventricle in an attempt to understand a global phenomenon, the T wave. We do not know whether the results we see from the single sites reflect a generalized behavior of the same channels over the entire myocardium, or rather are locally distributed at sites of maximally altered activation and/or stretch. Our data from other experiments [30] as well as the work of Prinzen et al. [5] suggest that the distribution will vary at sites near to and far from the pacing electrode, creating an overall pattern of heterogeneity which might be sufficient to alter the T wave. In addition, questions remain open regarding mechanism for the changes in I Kr . Whereas the altered repolarization in epicardium appears to be explicable based on altered transcription, the mechanism in endocardium is far more complex and remains to be determined.
